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ABSTRACT 
Bubble dynamics and weeping at a single submerged 1/4-inch orifice were 
studied using the Helium/Water, Air/~Jater, and Argon/Water systems. 
The perforated plate was placed inside a six-inch diameter plexiglass 
column with a chamber volume, below the hole, of 590 cubic inches. Gas 
rates were expressed in terms of the density corrected hole velocity, 
Fs = VH (Pv/(PL - Pv))l/2. The range studied was Fs = 0.3 - 1.0. 
The transient pressure in the chamber below the orifice was measured 
using a high speed photographic recorder. The observed pressure profiles 
were used to propose a three-stage bubble formation/weeping mechanism. 
The forces governing the first stage of bubble formation, the growth 
stage, were identified, and a roodel was developed which can predict the 
magnitude of the chamber pressure oscillation and the growth time. The 
forces expected to govern the remaining stages of bubble formation, 
the gas ejection stage and the weeping stage, were also identified, but 
the roodcls proposed need further development. A criterion was 
established which may be used to determine whether a single hole may 
weep, if surface tension forces are small. 
i 
,I 
INTRODUCTION 
Weeping in sieve trays refers to the conditions under which liquid 
passes through the holes of a tray rather than over the weir. This 
phenomenon has the result of decreasing tray efficiency because 
liquid bypasses sections of the tray and because of reduced liquid 
inventory on the tray, which may reduce the pointeffi ciency. 
Effortt to reduce weeping usually involve increasing vapor velocity 
through the sieve perforations. This results in higher tray pr~ssure 
drops, and consequently, increased energy costs .. 
Research in weeping ty_pica lly has involved setting up a sma 11 
perforated plate and bubbling air through the orifices and· a pool of 
water. This approach has been used by many researchers. Because of 
the comple~ flow patterns resulting from flow through many perforations, 
little could be learned about the mechanisms contributing to weeping. 
Because multiple ~ale tests are difficult to understand, a single 
hole bubbler. was built and equipped with ;n·strumentatfon to record 
the transient pressure below the orifice. It is premised that 
understanding this chamber pressure is essential to the development 
of a more fundamental understanding of bubble formation, and to the 
physical conditions which cause a submerged orifice to weep. The 
transient liquid head is also expected to have an impact on bubble 
-l-
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formation, and an attempt was made at measuring this parameter. 
The effect of gas -density and liquid inertia on bubble dynamics and 
weeping has become the central theme of this research. The data 
obtained from the single hole bubbler indicated that these phenomena 
have not been adequately ·addressed in the literature. The data showed 
that lighter gase.s tend to produce significantly larger pressufe 
osci 11 at ions in the chamber be 1 ow. the orffi ce than heavier gases at 
equal density corrected vapor rates. In addition, these larger 
pressure oscillations caus~ significantly higher weep rates for a 
low density gas even at much~ higher ho 1 e ve 1 oci ti es. 
In addition to reporting trends ·i~ the data obtained for bubble 
formation and weepi'ng in the single hole experiments performed for 
the. air/water, helium/water, and.argon/water systems, a theoretical 
model was developed'which successfully explains the pressure 
oscillations observed in the chamber below the orifice. This ·model 
provides a physical explanation of the complicated effects of liquid 
inertia on bubble dynamics. 
This report is organized in the following form. Literature reviews 
are provided for the areas of "Weeping in Sfeve Trays" and "Bubble 
Oynami cs.'' In the II Experi menta 1 Program" section, the apparatus is 
destribed, and procedures are explained. All the trends observed are 
reported in the "Experimental Results" section, and the models 
propose~ are described in the "Models Development" section. The 
-2-
models are then compared to the data, and recommendations are made 
for further re5earch. 
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LITERATURE REVIEW 
Sieve Tray Weeping 
:weepi_ng in sieve trays has generally been treated in an empirical 
manner by carrying out air/water experiments and developing 
correlations to describe the onset of weeping and weep rates. The 
following terms are used in the literature regarding tray hydraulics 
and weeping. 
The weep point refers to the conditions under which a tray first 
begins to pass liquid through its perforations rather than over the 
the outlet weir. The dump point is ~he condition under whjch all the 
liquid passes through the perforations ofa tray. 
The average liquid head~ hL, is defined. as the liquid contained in 
the aerated froth above the bubbling hole. A ~ynonymous term for the 
average liquid head is "clear liquid head. 11 
The first to present data and propose a correlation to ~escribe 
weeping in· sieve trays were Mayfield et al (1952). The weep point, 
according to Mayfield, is correlated using the dry tray pressure 
drop, ho, and the clear liquid inventory on the tray, hL· Their 
-4-
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air-water tests 1 ed to the corre 1 at ion shown in Figure 1. However, 
their method of measuring the liquid head, hl, (a tray mounted 
manometer) may not be accurate, as reported by Bennett et al (1983). 
Hughmark and O I Conne l1 (1957.) attempted to imp rove the .Mayfield 
correlation. They· defined an F-factor, F = VH Fv, and correlated 
th.is F-factor at the weep point to the total pressure drop across a 
tray, h . ·Hughmark and O'Connell also investigated the contributions 
to weeping of liq~id surface tension and plate free area. Their 
correlation is presented in Fi~ure 2. 
Hughmark and O'Connell report that a comparison of the F-factor 
calculated by thei.r weeping correlation to the F-factor rep~rted by 
several other i nv~st i gators showed that this corre l a.t ion provided 
values within 30% of the value of F necessary to .stop weeping. 
McAllister et al (1958) reported that their data agreed with Hughmark 
and 01 Connel1 1 s correlation, except for hole diameters, DH less than 
1/3211 , and DH greater than 1/211 • A 1 though McA n i ster et a 1 did not 
provide a new correlation for the weep point, they di.d provide a 
graphical interpretation of the response of total pressure drop, hr, 
from dump conditions to flood conditions, to the· mass velocity of 
gas, G, in a sieve tray. The reported typical relationship is shown 
in Figure 3. 
At gas rates 1 ess than point II A11 , the tray dumps, i.e. , all the 
-5-
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liqui_d passes through the hole.s. In the 'tleeping region (A·-+- B), the 
total pressure drop across a tray increases only slightly because as 
weepage decreases, the number of active holes (passing only gas) 
increases, and the net gas velocity does not increase s1gnificantly. 
At gas· rates greater than point 11 811 , there is a marked increased in 
gas velocity, thus, there is also a significant increase in hr· 
Prince (1960) used this relationship between pressure drop and gas 
rate to define a graphical weep point (GWP), as the point at which 
pressure drop begins to increase rapidly. This GWP is not useful for 
the designer unless he has hT vs. G data which covers the whole 
operation regime. 
J. ~. Fair (1963), proposed that, at steady state, the total pressure 
drop across a sieve tray may be.defined as: 
(1) 
where h0 is the surface tension contribution which tends to kee~ the 
liquid on the tray. Fair proposed. that, at steady state, weeping 
wi 11 .not occur as long ·qS the dry tray pressure drop and the surface 
tension effect can 11 hold 11 the average liquid head, hL, above the 
holes, i.e. 
(2) 
-6-
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The dry hole term, ho, may be evaluated using well established 
corre l ati ans, for example, 
2 
_ a p VH ( 1 ) 
ho - c V 2g P g/g V c L c 
(3) 
where a and Cv may be obtained in Liebson et al (1957). The surface 
tension eftect is evaluated from: 
4a 1 ) 
ha = o (P g/ g H L C 
(4) 
For simplicity and conservatism, Fair uses hLO instead of hL in 
equation (2). The parameter hLQ, is the liquid inventorr on the tray 
if unaerated and is calculated as the sum of the weir height, hw, and 
the crest over the weir, how· This liquid crest may be calculated 
using the Francis weir formula: 
2/3 
hoH = 0.48 QL 
where QL is the volumetric flow rate of liquid (GPM) per inch of 
weir. Fai-r correlated (ho+ h0 ) vs. hLQ graphically, shown in 
Figure 4. 
(5) 
Kupferberg and Jameson (1~70) used the single hole experiment data 
obtained by Mccann and Prince (1969) to develop a correlation for 
the weep point. These authors propose that near the point of bubble· 
-7-
departure, the pressure effects related to dry hole pressure drop and 
1 i quid .head are domina·nt. The important parameters, according· to 
Kupferberg and Jameson, are the dry hole pressure drop, defined by 
equation (6), and the reductipn in average liquid head, hL*, caused 
by the expanding bubble, and defined by equation (7). Thus, 
v/ 
~Po = K Pv la; 
. 9c 
(6) 
and 
(7) 
where R8 is the radius of the bubble at departure, calculated from 
the Davidson and Schuler (1960) equati~n: 
! ~RB3 = 1.378 G6/5 g-3/5 
3 . (8) 
Kupferberg and Jameson propose that weeping will not occur if the 
* . . 
ratio ho/hL exceeds some experiment.al va 1 ue. The data of McCann and 
Prince suggests that this value is appro~imately 1.1. 
Thus for weeping to cease, 
(9) 
The authors state ~hat this correlation is in excel.lent.agreement 
-8-
with published data and that it "probably gives somewhat conservative 
(high) estimates•• for VH to prevent weeping. 
Zanelli and Del Bianco (1973) studi.ed the effects of fluctuations in 
the liquid head, .hL, and the transverse oscillations of the 
gas/liquid m~xture on a sieve tray. The liquid head fluctuation 
occurs at lower vapor rates and is more cri~ical to the weeping 
mechanism than transverse oscillations, which occur· at hfgh vapor 
rates. Zanelli and Del Bianco placed platinum rings ·on the inside .of 
holes in the central section of a test plate. These rings were 
connected to a conductivity bridge. The conductivity reading fe·ll 
when liquid passed through the holes (touching the ring). The 
instantaneous hL was ~easured by a differential· pressure transducer. 
Figure 5 shows the marked. response of conductivity (weeping) to hL, 
Zanelli and Del Bianco suggest that weeping is a pulsating ph~n9meno~ 
characterized by osci-llations in the hydrostatic head, hL, It is 
clear that ~eeping occurs when there is ah instantaneous imbalance of 
the pressure terms. Zanelli and Del Bianco conclude that the :Fair 
approach of correlating ho+ h0 vi. hLo is acceptable; Figure 6 
shows the agreement of Zanelli and Del Bianco's da~a with the Fair 
correlation. 
Biddulph (1975) verified Zanelli and Del Bianco's wo·rk and added 
that transverse osci 11 at ions, of the type shown in Figure 7, were 
-9-
found to increase weeping significantly, particularly near the wall 
and at the center of the plate, where hL is largest. 
Biddulph presented no quantitative analysis of th~se contributions 
to weeping. At the time Biddulph was interested in designing a 
baffle system to prevent these oscillations. 
The most recent article regarding weeping in sieve trays was 
published by Akagi- et a 1. (1981). The authors developed a 
correlation, based on experimental data, to predict the vapor 
superficial velocity at the weep point, (VH)w. The data f9cused on 
tray dimensions and physical properties of the liqu.id phase. 
Akagi et al use Fatr 1 ~ criterion for weeping. They propose that, at 
the weep poi~t, 
(10) 
These authors chose to·use the clear li~uid head instead of the 
liquid continuous region only (used by Fair). The dry hole term i's 
calculated using a standard orifice equation (Hunt et al, 1955). The 
surface tension·contribution is defined by equation (4). The authors 
calculate the average liquid head on the. tray at the weep point using 
equation (11), which was empirically obtained. 
-10-
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The Froude number, Fr~ is evaluated using the superficial liquid 
velocity, uL, and the r~tio of total hole area t_o active area, 
(AulAa), 
(12) 
A comparison between calculated values of (VH)~ and experimental 
values is shown in Figure 8. As shown, Akagi et al's correlation 
can predict (VH)w within 30% of the experimental value. 
The correlations -reported to describe the onset of weeping show some 
success against report~d data. However, mo.st of these co~relations 
have been ·developed fro!ll air/water experimental data. In addition, 
the correlations essentially are based on steady state methods. 
However, because weeping is perceived to b.e an unsteady state 
phenomenon, controlled by the transient pressure profiles in the 
vicinity of the weeping hole, the literature concerned with bubble 
dynamics was also reviewed. 
-11-
Bubble Formation 
The first to collect published data and propose correlations to 
predict bubble departure diameter and therefore interfacial area 
were Van Krevelen and Hoftijzer (1950)-. They recognized two bUbbl_e 
formation regimes: discrete bubbling and chain bubbling~ For the 
formation of discrete bubbles, Van Krevelen and Hoftijzer applied a 
surface tension vs. buoyancy force balance to describe the bubble 
release diameter, ~s shown by equation (13). 
1T 3 .9.... 
-DBd (PL - Pv) . = 1rDH a 6. ep 9c (13) 
In this equation, the bubble is assumed to release as a sphere. 
Also, the contact angle at the point of bubble detachment is assumed 
to be 90 degrees. According to this balance it is concluded that for 
discrete bubbling, the bubble diameter is independent of gas rate, 
and, in most cases, gas density, since \ is typica·lly much larger 
than Py, Thei-r data supports thi"s conclusion for the ai r/wa·ter 
system, and for experiments in which the hole diameter is small 
(typically less than 0.125 '!), and thus surface tension. effects are 
very large compared to all other forces. Van Krevelen an.d Hoftijzer 
did use hydrogen as the test gas for a very limited nu~ber of 
expert men ts, and reported that gas density had no ~f f ect on b·ubbl e 
formation. 
Articles by Hughes et al (1955) and by Davidson and Amick (1956) 
-12-
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were in· agreement with Van Krevelen and Hoftijzer regarding discrete 
bubbling. These authors also tested the. air/water system 
with very small' holes. Hughes et al recognized the effect of the 
volume of the chamber below the orifice on bubble size. According 
to these authors, as the chamber vo 1 ume de.creases, steady bubb 1 e 
growth. occurs, and smaller bubbles are produced. When the chamber 
volume. is very large, constant pressure in the chamber is observed, 
and larger bubbles are produced. There is question, however, 
regarding the condition·of constant chamber pressure. for a single 
hole bubble~, even with relatjvely high chamber volume. 
Mahoney and Wenzel (1963)t studied the formation of bubbles from a 
1/8 inch orifice and concluded that the volume of the chamber above 
. . . . . . . -
the ho 1 e a 1 so affects bu.bb 1 ~ size and. frequency. They report that 
the volume of the upper chamber has, qualitatively, the same effect~ 
on bubble frequency as the lower chamber. They also rep6rt that the 
liquid head has no effect on bubble frequency, and that the period 
during which the bubble is growing is constant for the 'range of gas 
flow rates tested. 
Ramakrishnan, Kumar, and Kuloor (1969) and Satyanarayan, Kumar, and 
Kul oor (1969) ·were in agreement with Van Kreve 1 en and Hof ti jzer 
regarding the types of bubble growth observed, and were also in 
agreement with Hughes et al regarding the chamber volume effects. 
They report that bubble formation occurs in two stages. T~e first is 
the expansion stage in which surface tension, liquid inertia, dragi 
-13-
and buoyancy dominate. The second st~ge is departure, in which the 
bubble moves away from the hole and expands because of the incoming 
gas. Although these authors were successful in recognizing the 
various forces that influence bubble formation, they only tested 
their model with the air/water system and orifices of very small 
diameter (0.02 - 0.04 11 ), where the ,urfa~e tension is the only 
significant force resisting departure, and the simple surfac;e 
tension/buoyancy balance may be applied. 
Kupferberg and Jameson ( 1969) reported a rigorous solution to· the 
equations of motion for a growing bubble. Thej reported that, in 
addition to Kurnar and Kuloor's two stages of bubble growth, there is 
a third stage, which they labeled the waiting period, during which 
the hole may weep. These authors tested 1/8 and 1/4 11 holes. The 
1/8 11 holes still produced bubbles dominated by surface tension. and 
may be described by a simple model suc·h as Van Krevelen and 
Hoftijzer's. Unfortunately,. only low hole velocity data were 
reported for the 1/4 11 hole cases. Under these conditions, in.ertial 
forces associated with 1 i quid di sp 1 acement are smal 1. The authors 
state that their model agrees with the data for volumetric flow rates 
up to 20 CG/sec, ·representing a hole velocity of approximately 2 
ft/sec, or Fs=0.07 ft/sec. Fs .is the density corrected hole 
velocity: 
Fs = VH~ = Fj;/PL - Pv 
A range of industrial intere.st is Fs = 0.2 - 2;0 ft/sec An 
important observation made by Kupferberg and Jameson, however, is 
-14-
that a pressure fluctuation was recorded in the chamber below the 
orifice which was larger than the surface tension contribution. It 
was also observed that the chamber pressure dropped below the static 
liquid head for the 1/4 11 hole.sat the low flow rates tested. 
Kupferberg and Jameson (1970) then attempted to explain weeping in 
sieve trays as a function of this pressure fluctuation, as described 
in the Weeping Lit~rature Review. 
Marmur and Rubin (1976) provided a new theoretical model for bubble 
formation which accounted for deviations from the commonly assumed 
spherical bubble shape. These authors report that their model 
predicts their data well at small chamber vdlumes and at small hole 
diameters. 
Park et aJ (1977) attempted to study the chamber pressure. variation 
be 1 ow the hole and proposed that a max·i mum occurs when the bubb 1 e is 
a spherical cap on the hole and the surface tension effect is the 
greatest. However, these authors only studied the air/water system 
with very sm~ll holes (0 .. 04 - 0.11 "). and under these conditions 
other forces, like liquid inertia, are small compared to surface 
tens ion. 
Tsuge and Hibino (198a) proposed a model based on the force~ proposed 
by Kumar and Kulooris expansion stage, and in addition, attempted ·to 
study the effects of gas and liquid properties on bubble formation. 
However, they. used a maximum hole diameter of 1/13 11 and very small 
-15-
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chamber vo·lumes (max: 200 cc). These authors· were not able to 
ascertain any influence of gas density ori the bubble formati.on 
process. 
Rabiger and Vogelpohl (1982) and Klug and Vogelpohl (1983}, studied 
bubble formation from a capillary in- a static pool and under an 
imposed liquid gradient, and report that there is a strong influence 
of liquid motion on bubble formation; They do not report, however, 
the response of the chamber presure to the imposed liquid motion. 
Such data would give an indication of the force attributed to liqui~ 
inertia. 
Articles by Miyahara et al (1983) and by Ponter and Tsay (1983), 
further address the question of the frequency and size of bubbles 
generated from perforated plates and propose empirical correlations 
based on air/water data. 
The number of recent publications concerning bubble dyri~mics points 
to the current dissatisfaction among researchers with existing 
models, and suggests that further research is necessary. Kupferberg 
and Jameson (1969) have provided a good mechanis.tic explanation of 
the influence of the chamber pressure fluctuation on w.eepi ng. 
Unfortunat~lY, ~heir modeling efforts did no~ follow through with 
their original pre.mise. In .addition, the reported data for many 
authors for chamber pressure oscillations were for conditions with 
high surface tension and/or low vapor rates. An object of this 
-16-
investigation is to study cond.itions where surface tension is not ·the 
dominating force, i.e. larger hole size when the test liquid is 
water. In addition, the effects on pressure o·scillations which 
result from vapor rates which are representative of industrial 
practice are investigated. 
-17-
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EXPERIMENTAL PROGRAM 
A. Description of Apparatus 
The six inch diameter plexiglass column and peripherals used are 
shown in Figure 9. The tray details are .shown in Figure 10. A 1/8 
inch thick removable brass plate with a cehtered 1/4 inch in diameter 
hole was used to ·generate bubbles. It was discovered that a 1/8 inch 
perforation would not weep because of water 1 s high surface tension. 
A water filled~ diagonally mounted manometer was used to measure the 
average gas press~re drop across the bubbling orifice. Static 
pressure taps were used to measure the transi~nt chamber pressure and 
liquid lev·e1. These static taps were connected to differential 
pressure transducers which were used in conjunction with variable 
speed, multiple pen recorders. One of these rec;orders was a very 
high speed photographic ·recorder· {Honeywell Vi.s icorder 1503) which 
could measure the transient chamber pressure and bubbling frequency. 
The other recorder was an Esterline Angus 1124 two pen .chart 
recorder. Rotameters were used to me•s~re the volumetric flow rate 
of gas entering· the chamber. This gas was passed through a 
humidifier to insure saturation. A chamber volume of 590 cubic 
inches, large by previous research standards, was used. The weeping 
liquid was collected in a funnel/burette arrangement below the gas 
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inlet. Water was introduced into the ·tray approximately e.ight inc.hes 
above the test plate, and al lowed to flow down the wall to avoid 
interference with the liquid on the tray. A tray mounted manometer 
was installed on the tray to obtain an approximate reading of the 
liquid level on· the tray. 
B. Experimental Parameter·s 
The following system parameters were used i.n this investigation: 
Gases: Helium MW=· 4 lb m / lb mole 
Air MW= 29 
Argon MW= 40 
Li"quid: Water 
Vapor rates: Vapor rates were expressed in terms of Fs, 
the density corrected hole velocity. 
The tested range was Fs = 0. 3 - L 0 
Liquid level: 1 - 3 inches 
Orifice diameter: 0.25 inch 
Chamber volume: 590 cubic inches 
-19-
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C. Data .Co.llection 
The data were collected in two steps. Weep rate data were collected 
using the slower speed recorder, while the chamber ·pressure and 
bubbling frequency were measured using the high speed photogra~hic 
recorder. 
1. Weep Rate Data 
At a fixed value -0f Fs, the liquid inlet rate was adjusted until the 
liquid level reading at the slow speed recorder remained cons~art (the 
tray is losing liquid bec~Use of weeping). A constant liquid level 
indicated steady state had been reached. While at steady state, the 
weep rate was measured by collecting the wept liquid over some 
recorder measured time. The burette valve was closed at the start of 
liquid collection and wept liquid was all~wed to ~ccumulate i·n the 
burette and funnel. When enough liquid was collected, the gas rate 
was increased sharply in order to inhibit further weeping. The wept 
liquid was then drained and measured. 
2. Chamber Pressure Fluctuation and Bubbling Frequency 
The system was brought to steady state using the method described 
above. While at ·steady state, the high speed recorder was allowed 
to run for a few seconds. The chamber pressure and liquid level were 
recorded for approximately 30 to 50 bu_bble cycles. A portion of a 
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typical high speed recorder output is shown. in Figure 11. 
As shown in Figure 11, the p~ak chamber pressure was defined as the 
average peak chamber pressure over ten to twenty cycles. The average 
total chamber pressure oscillation is the average maximum chamber 
pressure minus the average minimum chamber pressure. The a~erage 
1 iquid level, HLA, was determi-ned by taking the average of the maximum 
and minimum values of the transient liquid level reading over ·ten to 
twenty cycles. This value was checked against the reading obtained 
from the floor mounted manometer. Although an attempt was ·made to 
measure the transie~t liquid head, the recordings were noted to be 
out of phase with the chamber pressure. Therefore, these measurements 
were used only as an indication of the liquid inventory on the tray. 
The va 1 ues reported in the database have been rounded, but a re 
accurate within less than 5% and .typically 2%. The bubble period, t B, 
is the average time between peaks. The bubble frequency is the 
inverse of the bubbl~ period. 
Three stages of bubble dynamics ar.e proposed to explain the observed 
chamber pr~ssure oscillations. These stages are detailed graphically 
in Figure 12 and described below. The bubble cycle is assumed to 
start when the hole is just vapor sealed and the chamber pressure 
equals the average liquid level, shown ih Figure 12 as point 0. The 
chamber pressure then increases to point D. The pressure increase is 
expected to be the result of surface tension, dry hole pressure drop, 
liquid inertia , and drag. This stage is labeled as the growth 
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stage. The time to reach the maximum chamber pressure is defined as 
the growth time, t 6. The difference between the peak pressure 
(point CV} and the average liquid level (point 0) is labeled tiPCG 
(the change in chamber pressure during the growth stage). The end 
of the growth stage is proposed to be when the bubble has reached a 
critical volume (CV) which gives the bubble enough buoyancy to 
overcome surface tension and liquid inertia, and begin rising away 
from the hole (although still attached to the hole). 
The ejection stage begins when the btibble has reached its critical 
vo 1 ume. The chamber pressure decays rapidly as the gas stored up in· 
the chamber ejects into the rising, expanding bubble. The bubble 
also displaces the liquid above it, and thus reduces the pressure 
caused by the 1 i qu·i d 1 eve 1 . The chamber pressure. decreases as the 
gas is ejected~ but gas ejection continues sine~ the effective liquid 
head is als.o being reduced. Eventually, the chamber.pressure may 
fall below the average 1 i_quid l~vel. The ej_ection stage ends when 
there is no 1 anger a driving force to cause vapor fl ow through the 
orifice. At the end of this stage the chamber pressure has reached 
its minimum value (point W). The change in chamber pressure during 
this ejection stage will be labeled the average total chamber 
pressure oscillation, APcT . The time elapsed during this stage is 
labeled tE , the ejection time. 
At point W, all the gas that will leave the chamber during the bubble 
cycle has left.. When the gas has left the two-phase region, the 
liquid level returns to its original average value. Thus, between 
point Wand the next cycle starting time, Q, there is a n~t driving 
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force which may cause liquid flow through the orifice. Therefore, 
the f i na 1 stage in the bubb 1 e eye le. is 1 abe 1 ed the weeping stage. 
The chamber pressure increases because there is a constant flow of 
gas into the chamber. The cycle ends when the chamber pressure has 
reached the value of the liquid level· and the hole is sealed. The 
time elapsed is tw, the weeping,time, and the initial weep driving 
force is labeled 6Pc\~ . 
3. Qualitative Observations 
Although the bubble shape or size could not be ob~erved visually 
during the proposed growth stage, the conditions during the ejection 
and weep stages were determinable visually when the liq_uid level on 
the tray was large (e.g. 3 inches). The ejection of gas into the 
liquid pool created el1ipsoi~ shaped bubbles that were fflUCh larger in 
size for Helium than for Air or Argon. Helium bubble~ were as larg~ 
as four to six times the orifice diameter. As soon as the gas bubble 
detached from the orifice, the liquid·would begin downflow through 
the hole. The weeping would stop once enough gas .had entered the 
chamber below the orifice to counter the pressure caused by the 
liquid on the tray.. A discrete amount of time passed before the gas 
would once again eject into the liquid. Visual ob~ervations were 
very difficult for liquid ·levels of 1.5 inches <fr less. 
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DISCUSSION OF DATA COLLECTED 
The parameters which identify an experimental run and the data 
obtained from these runs are reported in Tables 1A and and lB. The 
identifying parameters for each exper'iment are the run number, the 
gas being tested, the gas molecular weJght (MW), the time aver~~ied 
density corrected hole velocity (FS), and. the average liquid level on 
the tray (HLA), a1l shown in Table lA. Gas 1 is Helium, Gas 2 is 
Air, and Gas 3 is Argon. The parameters obtained from the recorder· 
outputs are the average maximum chamber pressure minus the average 
liquid level (DPCHL), the time between the start of the. bubble cycle 
and the maximum chamber pressure (growth. time, TG), both shown in 
Table lA,. and ln T~ble lB, the bubbling frequency (FB), the weep rate 
(WEEP), the average tota 1 chamber pressure osci 11 at ion (DPCT) ·, the 
initial value of the weep driving force (6Pcw), the gas ejection 
time (TE), and the weep time (TW). The trends in the data are 
discussed below. 
To check the validi_ty of experimentally mea_sured variables, the mass 
ejected per bubble cycle and the mass accumulation which corresponds 
to the observed chamber pressure increase were calculated and 
compared. 
The mass ejected per bubble cycle, ME, is the constant mass flow rate 
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of gas, dM/dt, divided by the observed bubbling frequency, Fs, as 
shown by equation (14}. 
-(df.1/dt) 
ME =· FB 
.(14) 
Assuming the system obeys the ideal gas·law, the incremental chan~e 
in chamber mass., .tiMch, may be expressed in terms of the observed 
increment~l change in chamber pressure, DPCHL, th~ cha~ber volume, 
Ve, the gas molecular weight, MW, the chamber temperature, Tc, and 
the ideal gas constant, R, as shown by equation (15). 
Ve M\~ 
6Mch = DPCHL R Tc (15) 
The results of these calculations are shown in Figure 13. The 
discrepancy is reasonable and is probably caused by errors in the 
measurement of gas flow rates by the rotameters, and by errors in 
measurement of the pressure prof i 1 es. However, ·t~is' figure does 
support the reported magnitud~s of the press~re oscil.lation and 
bubb 1 i ~g frequency data, as we 11 as the app 1 i cat ion of the idea 1 gas 
law to·r these system conditions. 
The difference between peak chamber pressure and average l.i quid ·head, 
DPCHL, is a strong function of the density corrected hole velocity, 
as shown in Figure 14, which plo.ts OPCHL against Fs at a liquid level 
of 3 inches. Higher Fs results in a higher chamber pressure 
fluctuation. In addition, it may be observed that a less dense gas 
also produces a higher chamber pressure fluctuation. Although the 
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difference between Argon and Air is difficult to distinguish in many 
cases, the trends are generally in the right direction.. Anomalies 
probably result from experimental errors in the measurement of the 
average liquid level. 
DPCHL is also plotted against the average liquid level for Helium at 
Fs=0.3 (Figure 15). Increases in the liquid level produce slightly 
higher chamber pressure peaks. 
As shown in Figures 16 and 17~ the total chamber pressure oscillation 
(DPCT) responds to Fs and HL much like DPCHL. lt is notable, also, 
that Helium has a chamber pressure minimum (DPCT-DPCHL) which is 
always 1)11.JCh lower than Air or Argon at equal values of Fs, and HLA. 
This chamber pressure minimum may be interpreted as the driving force 
for the weeping mechanism. As shown in Figure 18, this weep driving 
force decreases with increasing Fs, as expected. The relationship 
between this driving force and the observed weep rates is addressed 
in the discussion of weep rate data. 
At equal values of Fs, the volumetric flow rate of Helium is much 
higher than Air or Argon. For example, at Fs=0.3, the hole 
velocities, in ft/sec, for Helium, Air, and Argon are 23.3 , 8.63 , 
and 7.37 , respect.ively. If the bubble departure diameter ls· only 
contro 11 ed by surface tension and buoyancy, the bubb 1 i ng frequencies 
would be expected to be higher for Helium than for Air and Argon. As 
shown in Figure 19, this trend e~ists, however the magnitude o1 the 
increase with decreasing gas density is not as large as would be 
expected, since it was thought that increasing the vapor hole 
ve 1 ocity would create a linear increase i.n bubbling frequency. In 
addition, at very small Fs, the bubbling frequency appears to be 
sma 11 er for He 1 i um. Based on these results, predicting bubb 1 e 
freque~cy by assuming that departure occurs when buoyancy forces 
equal surface tension forces may not be valid for all conditions. 
Previously, it was proposed that the bubble cycle takes place in 
three distinct stages: the growing stage, the gas ejection stage, and 
the weeping stage. The growth stage time, TW, i's plotted against Fs 
at constant liquid level in Figur~ 20.. The 'growth period decreases 
with increasing Fs, which is consistent with the observation of 
inc;reasing bubble frequency w·ith increasing Fs. It is also 
noteworthy that the growt~ times for A1r and Argon are considerably 
higher than those for Helium at the same Fs and HLA. 
The ejection time is p)otted against Fs at constant liquid level in 
Figure 21. This·ejection time is essentially constant. The mechanism 
proposed·to explain the gas ejection stage is described in the 
"Models Development" section. 
The weep time is plotted against Fs at constant liquid level in 
Figure 22. As Fs increases, the weep time is expected to approach 
zero because increasing the hole velocity decreases the weep rate. 
The data appear to be consistent wit~ this premise; However, as Fs 
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1-,. decreases, the weep time i.s observed to increase very rapidly in the 
case of He.l i um. A 1 so, the weep ti me is 1 onger for the Helium than 
for Air and Argon, especially at lower Fs. The trends for Air and 
Argon are more difficult to separate, although weeping times for Air 
are generally higher than those for Argon at equal Fs~ In Figure 23, 
the weeping time is plotted.against the gas molecular weight at 
equivalent flow conditions. This figure is consistent with the 
previous observation of higher weep driving force with d~creasing gas 
density (the molecular weight is used to represent gas density in 
this report because all the runs were made at ambient temperature,_ 
and the variations in pressure ~ave a negligible effect on gas 
density).· 
The most surpr1sing results from this research are related to the 
observed weep r·ates as a function of gas density. It was expected 
that as _gas density (or .molecular weight) decr~ases the weep rate 
would also decrease because of the increase in bubbling frequency. 
This increase in bubbling frequency 1 it was thought, would Teduce the 
time that the hole would .have available to weep and therefore the 
weep rate might decrease. Furthermore, at the same Fs, because the 
volumetric flow rate is much higher for Helium when compared to Air 
or Argon, the weep rate would be expected to be much less for Helium 
than for Air or Argon. However, as shown in Figure 24, the we·ep rate 
increases rather sharply as the molecular weight decreases from Argon 
and Air to Helium. The data for two liquid levels is considered for 
a constant value of. Fs (Fs=0.5). In order to clarify the effect of 
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liquid level, the weep rate is plotted against the average liquid 
level for the case of Fs=0.5. As shown in Figure 25, there is a 
slight decrease in weep rate with increasing liquid l eve 1. It is· 
suspected that the observed red1,1ction in weep rate is related to the 
apparent decrease in turbulence on the tray at higher t\_. At lower 
liquid .1 eve ls the tray appeared to be more active, and the hole tends 
to weep slightly even at very high vapor rates. 
The weep rate is p 1 otted aga·i nst Fs at 1 i quid levels of 1. 5 inches 
(Figure 26) and at 3.0 inches (Figure.~7). It should be noted from 
these Figures that Fs, or the dry hole pressure drop (whi.ch for this 
test apparat~s, is directly rel~ted to Fs), does not uniquely define 
the weep rate~ Thi~ il inc9nsistent with most of the previous 
methods used to determine the onset of weeping. In· add it ion, for 
gases of lower density, the weep rate. is higher at equal values of 
Fs. This occurs despite. the higher volumetric flow rates a~ ~qual 
values of Fs. An additional observation is that the weep rate is 
quite fosens it i ve to the liquid level above the t.ray for this single 
hole experimental program. This is .also contrary to most ·methods 
proposed in the literature. These observations point to the need for 
a cl~arer understanding of the mechanisms controlling chamber 
pressure oscillations prior to d~veloping a mechanistic understanding 
of weeping. 
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MODELS DEVELOPMENT 
Quasi Steady State Model 
Much work in bubble dynamics and submerged orifice pressure drop 
has concentrated on surface tension , dry hole pressure drop, and 
average liquid level as the main contributors to the gas pressure 
in the chamber below the orifice, i.e. the average chamber pressure, 
Pcavg , is typically expressed .as: 
The surface tension contribution, 6Pa, for a growing bubbl~, is 
dependent on the instantaneous bubb 1 e radius, and is typically 
expressed as: 
Thus, the maximum surface tension contribution occurs when the 
bubble radius is a mini~um (when the bubbl~ is a hemispherical 
cap on. the hole) and. the .bubble radius is equal to the hole 
radius. Therefore, this .maximum is: 
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(16) 
(17) 
"P - 2 a 
u amax - RH· 
For the 1/4 inch in diameter hole tested, equation (18) yields a 
maximum surface tension contribution of 0.181 ·11 water. 
Because the observed chamber pressure increase above the average 
liquid level ranged from 0.411 to 2 11 water, the intent of this 
model was to evaluate the dry hole pressure drop contribution to 
the chamber pressure, and to determine if this contribution is 
enough to cause the observed discrepancy. 
(18) 
This model propos~s that, over a small time increment, 6t, a 
fraction, f, of the mass entering the chamber .ente.rs the bubble 
causing the bubble to grow. The r~mainder accumulates in the chamber 
and causes the observed chamber pressure increase during 6t. These 
masses may be calculated by assuming that the gas in the system obeys 
the ideal gas law, and by using standard steady state equations to 
predict dry hoJe pressure losses and surface tension forces during 6t. 
To simplify this analysis, the sphere was assumed to grow as. a 
trunc~ted sphere. In this model, the critical volume is reached 
when there is a balance between bu~yancy and surface tension forces. 
The model is illustrated in figure 28. Over the tim.e increment 6t, 
an amount of mass, tlM;n, enters the chamber according to: 
dM 6M; n = (ft") 6 t (19) 
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The fraction of this mass which causes the.·bubble to grow is labeled 
t1Ms, while the remainder (which stays in the chamber) is labeled t1Mch. 
By a mass balance, 
(20) 
At any time, t, the accu.mulated bubble mass is labeled Ms, and the 
accumulated chamber mass is labeled Mch. At a time t + tlt, the bubble 
mass is expressed as Ms+ t1M8, while the chamber mass is defined as 
Mch + AMin - t1M8 . 
If it is assumed that the b~bble grows as -a truncated sphere, its 
volume may be expressed in terms of of the height of the bubble above 
the ho 1 e, h , and the ho 1 e. radius, RH.• by: 
Vs = ,r r J + hs nl] 
6 Q3 2 J 
(21) 
Also, based on geometry, the bubble radius .may be expressed in terms 
of the bubble height accor9ing to: 
2 2 
-hs + RH 
Rs = 2 he . 
(22) 
The pressure in the bubble, Ps, may be expressed as the sum of the 
ambient pressure (Pa), the average liquid level, hto, and the surface 
tension contribution, as shown by equation (23). In this equatio.n it 
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is assumed that the height of the bubble surface above the orifica is· 
negl i gi b 1 e when compared to the average 1 i qu·i d 1 eve 1 , thus, th_e 
bubble pressure is assumed to be independent of changes in. the liquid 
level above the hole caused by the growing bubble. The bubble 
pressure is changing, however, because the surface tension 
contribution is bubble radius dependent. 
(23) 
With the bubble volume and pressure known, the bubble mass at any 
time 1s described by equation (24), below, if the ideal gas law is 
assumed to be applicable. 
Thus, the bubble mass change over a time increment L)t may be 
expressed as: 
with Ms old being the previous converged bubble mass, i.e. Ms. 
at time t-at. 
(24) 
(25) 
The chamber pressure, Pc, may be expressed in two different forms. 
First, by the ideal gas law, 
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Pc= Pcold + t\Mch V MW C 
(26) 
where Pcold is the chamber pressure at time t - t\t, and Mch is 
defined by equation (20). Also, the chamber ·pressure may be 
described as the bubble pressure plus the.gas pressure drop across 
the orifice: 
Pc= Ps + t\Po 
(27) 
with t\Po defined by the standard orifice equati_on: 
(28) 
The instantaneous hole velocity, VH, may be expressed as: 
(29) 
where AH is· the hole cross sectional area. 
The numerical procedure is as follows. At ti~~ t·+ t\t, the bubble 
height is equal to the height at t plus an a_ssumed increase. Using 
this guessed bubble height, the bubble radius is calculated using 
equation (22). This allows calculation of the bubble pressure and of 
the two express·ions for the chamber pressure. These two expressions 
are checked for convergence. If the two values of the chamber 
pressure do not agree, a new bubble height is guessed. This procedure is 
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continued until the proper bubble height is determined. The c_omputer 
program used is provided in Appendix A. 
The results of this model for the Helium/Water system at Fs=0.3 
and HLA=3 inches are shown in Figure 29. The predicted max.imum 
chamber pressure is 0.19 11 water, while the observed chamber 
pressure increase is 0. 98 11 water. This 0.19 11 wate.r pressure rise 
is almost equal to the maximum surface te~sion contribution. The 
difference be~ween 0.19 11 and 0.18111 is the dry hole pressure drop. 
This prediction significantly underpredicts the experime~tal maximum 
chamber pressure of 0.98 11 water. A further discrepancy exists in 
the growth time predicted by this model. The observed growth time 
for these c9nditions is approximately 0.14 seconds, while the model 
predicts approximate.ly 0. 015 seconds. 
According to this model, the contribution of the dry hole pres·sure 
drop appears to be sma 11 and cannot account far the obs.erved chamber 
pressure maxima observed. Thus, it was concluded that the force on 
the bubble as it expands against the surrqunding liquid must be 
analyzed more carefully, and a model was developed to take into 
account the liquid inertia contribution to the chamber pressure. 
Liquid Inertia Model 
In the previous section, the mechanisms that have been proposed in 
the literature and the quasi steady state approach have been shown to 
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be inadequate for the range of vapor flow.rates and the hole diameter 
tested in this study. A model is needed to estimate the eff~cts of 
liquid inertia on the bubble growth process s.i nee this liquid ·inertia 
contribution will contribute to the chamber pressure below the 
orifice. In·the literature concerning the acceleration of bubbles ifi 
a flui~, the liquid in~rtia contribution is described as the force 
necessary to accelerate some characteristic mass which is a function 
. . . 
of the bubble volume and surrounding liquid density. The objective 
of this analysis is to describe the effects of liquid inertia in 
terms of system parameters like gas density, hole velocity, and 
chamber volume. 
The mode 1 is shown schematically in Figure 30. l chamber of vo 1 ume 
Ve is being injected with a constant flow rate· of gas dM/dt. For 
simplicity, the bubble is assumed to grow by expansion only in the 
vertical direction. Thus, a cylindrical gas 11 bubble 11 accelerates in 
the x-direction through the liquid mass. It is assumed that the 
cyl i ndri cal bubble has a diameter equal to th.e hole diameter, DH' 
This is reasonable for the hole diameter used in this investigation. 
The pressure in the bubble is assum.ed to be equal to the pressure in 
the chamber, i.e. the dry hole pressure drop is neglected. This 
simplification appears resonable based on the results cif the quasi 
steady state model. 
The ·pressure in the chamber is the sum of the ambient pressure, the 
average liquid level, the surface ten~ion contribution; the pressure 
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effect caused by liquid inertia, and the pressure caused by drag. 
Note that because the bubble is assumed to grow as a cylinder above 
the orifice, the area on which these forces act is the orifice area. 
Thus, 
. - - 4cr Mc d2 x ~d dX 2 
Pc = Pa + hL PL g/gc + Uii" + AH9c dt2 + 2gc PL (dt) (30) 
In the above equation~ 
A H 
Mc 
d2x 
w 
Cd 
dx/dt 
~-Orifice cross sectional area 
= the characteristic mass in the vicinity of the growing 
bubble which is accelerated by the bubble expansfon ~nd 
results in the pressure increase due to liqui~ inertia. 
This concept of apparent mass is described in Wallis' 
text 11 0ne Dimensional Two Phase Flow11 
= acceleration of bubble surface through the liquid mass 
= Drag coeffi~i~nt for spheres flowing through a fluid 
= velocity of bubble surface 
The contribution: of drag is expected to be negligible ~uring the 
growth period and is ignore~ in this model. The validity of this 
assumption wi 11 be addressed later in this report . 
With drag assumed to be negligible, the expression for the chamber 
pressure becomes: 
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(31) 
Also, by a mass balance, and using the ideal gas law, 
Pc= Pc(to.) + (dM/dt) R Tc (t - t ) 
V MW o C 
(32) 
In equation (32) the chamber volume, Ve, is approximated as constant 
because the change in volume caused by the expanding bubble, Vb, is 
negligible compared to the chamber volume, i.e. Vb= xAh « Ve The 
term Pc(t
0
) is the pressure at the start of the growth period; i.e. 
when the hole is just vapor sealed. This initfal pressure is ·defined 
to be: 
Pc(t0 ) 
(33) 
To simplify the analysis, the surface tension contribution is assumed 
. . 
to be constant. and present throughout the cycle at a value of 4. cr/~, 
This assumption is valid in the ~ase of the cylindrical ~ubble 
defined by the model, because as soon as the cylindrical bubble 
start.s to form it· is II attached" to the ho le by th~ surface tension 
force. In the ca~e of a real bubble, the surface tension 
contribution is bubble radius dependent, as discussed previously. 
The two expressions.for the chamber pressure, equatfons (31) and 
(32) are equated below. 
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The start of the growth cycle, to, may be arbitrarily set to= 0 
Reduction of equation (33) y~elds ~he desired ex~ression for the 
liquid inertia contribution to the chamber pressure, as shown by 
equation (35). 
This differential equation is subject to the following initial 
conditions: 
( i) at t=O x=O 
(ii) at t=O dx/ dt=O 
(34) 
(35) 
Mc is expected to change as a function of the bubble velum~, which 
changes with time. If a rigorous expression is introduced for this 
time varying Mc, the solution becomes more complex algebraically and 
not amenab 1 e to an ana lyt i cal solution. For s imp 1 i city, a ti me 
averaged value for Mc will be used to represent ~he characteristic 
inertial mass throughout the entire growth period. If Mc· is 
approximated a~ constant, and for simplification, ~he parameter a 
is introduced as defined by equation (36}, 
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(dM/dt) R Tc AH 9c 
S= V MWM · . C C 
equation (35) may be rearranged to give: 
d2 
.2 =at dt2 
Integrating equation (37) once giveJ: 
dx - 8 t2 + C 
- - -2 1 dt . 
However, application of initial condition (i) yields Cl= 0. 
Integration of equation (38) results in: 
t3 
x = a - + c2 6 . 
and applic~tion of initial condition (i{) yields C2 = 0 
(36) 
(37) 
(38) 
(39) 
Thus, ~he final equation describi~g the cylindrical bubble 1 ~ ~pper 
surface as a function of time is: 
t3 
X = 8 -
. 6 
The liquid inertia contribution to the chamber pressure, tiPc::Ll 
is defined by equatj-on (35) and may be expressed in terms of 8 
according to: 
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(40) 
Mc 
~Pell= AH gc at (41) 
This solution implies that as the bubble grows (i.e. ·i.ncreasi_ng time) 
the contribution of liquid inertia becomes larger in magnitude. 
Therefore, the additional pressure effect caused b~ liquid inertia 
on the chamber pressure is largest just before reachihg the critical 
volume. Thus, a criterion for reaching the critical volume needs t9 
be defined in order to be able to predict the chamber pressure 
increase. 
The critical volume criterion used in t_he quasi steady ana·lysis was a 
balance between buoyancy and surface tension. Using· this model, this 
criterion is defined py equation (42). 
(42) 
The product x*AH represents the volume of the cylindrical bubble. 
The angle a is the contact angle , 90 degrees for this bubble shape. 
If this critical volume criterion is obeyed,. then at the time th~ 
bubble has reached the critical volume, tcv, x = X,- such that: 
(43) 
This expression may be substituted· into equation (40) to obtain the 
time to reach the critical volume, i.e. the growth.time. Thus, 
-41-
', ,, 
ir DH a 
------= AH (PL - Pv) g/gc 
3 B tcv 
6 
Solving for the critical volume time res~lts in: 
1/3 
(44) 
(45) 
This expression for the critical volume time may be substituted i~to 
equation (41) to give·the predicted tiPcLI if the bubble obeys the 
criterion of balance between buoyancy and surface tension. The 
resulting expresston for 6Pcll is giveri as etjuation (46). 
(46) 
All of the variables in equation (46) have been defined except for 
the time averaged apparent mass, Mc. For a solid sphere, Wallis 
recommends that 
f1c,sphere = Vsphere (0.5 PL+ Psphere) (47) 
As discussed earlier, in the case of the growing, cylindrical bubble, 
the bubble volume is increasing. However, to allow an analytical 
solution, a time averaged bubble volume, VBavg' will be used. 
tcv 
Vaavg = f- J · Vs (t) .dt 
CV 
0 
(48} 
Vb(t) is the time dependent cyl.indrical bubble volume. But Since 
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V5(t) = ~ * x(t) , equation (48) may be written as:. 
AH Vs - -avg - tcv J tcv 
0 
! t3 dt 
6 
The time averaged apparen~ mass may·now be defined as: 
The bubble position x(t) is defined by equation (40). 
that expression into equation { 49) gives: 
j tcv 
0 
! t 3 dt 6 . 
Inserting 
\ 
\ 
. , 
(49) 
(50) 
(51) 
Substitution of the definition of ~ into equation (51) results in: 
J tcv 
0 
L t3 cit 
Mc 
(52) 
Using the expression for Mc defined in equation (50), integrating 
equation (52), and solving for Vbavg, yields: 
AH (dM/dt) .R Tc 9c tcv · t 
2 . 3] 1/2 
VBavg = 24 Ve M\.J (0.5 PL + Pv) 
(53) 
This expr·ession for VBavg may be substituted into equation (50) to 
give the desired expression for the characteristic ma~s, Mc. 
The resulting expression for Mc may in turn be substituted into 
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equation (46) to obtain the final expression for ~Pell, as shown 
in equation (54). 
(dM/dt) R Tc 6 ,r Du a · 9c tcv . · .· t ·15/61 (' 3 ~1/211/3 ~Pell= Ve MW 9 AH (PL-Pv) 24 (o.s PL+Pv)-1 . <54) 
Since the chamber must always obey the material balance given by 
equation (32)_, the critical volume time may be- expressed in terms of 
the observed pressure increase, which includes th~ liquid inertia 
contribution and the surface tension contribution, Thus, 
[ 4a] Ve MW tcv = tiPcLI + DH (dM/dt) R Tc (55) 
This expression may be substituted into equation (54), resulting in 
an implicit equation for tiPcLI which may be solved using a trial 
and er.ror method. 
The maximum chamber pre~sure rise above th~ li~uid level is the sum 
of the inertial contribution, calculated using equations (54) and 
(55), and the surface tension contribution, 4a/DH . 
The results of this model, which assu~es a buoyancy equ·a1 to· surface 
tension critical volume criterion, are reported in Table 2. The 
liquid ·inertia contribution, tiPcLI, is observed. to be large when 
compared to the surface tension con~ribution of 0.181 11· H20 for the 
1/4 inch orifice tested. The sum of the liqui~ inertia and surface 
tension contributions is plotted against the observed ~hamber 
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pressure increase, DPCHL, in Figute 31. Although it has been shown 
that the liquid inertia contribution is important, the prediction is 
still well below the observed chamber p_ressure fluctuations. A 
comparison of the calculated growth time and the observed growth 
time, provided in Figure 32, shows that this first attempt at 
explaining the liquid inertia effects needs improvement. 
In ord~r to check that at least the trends predic~ed by this model 
are correct, the response of the observed chamber pressure increase, 
and that predicted by this model, were plotted against the density 
corrected hole velocity, Fs, in Figure 33 ,_ and against the gas 
molecular weight, MW, in Figure 34. As shown, the tr·ends appear to 
be in the right.direction, although not of the correct ~agnitude. 
Revised L iguid Inertia Model 
It is reasonable to assume that bubble rise may commence when 
buoyancy is enough to ov~rcome. the forces holding the bubble to the 
hole. In the original liquid inertia model, ~urf~ce tension was 
assumed to be the only force holding the bubble to the hole. However, 
the pressure due to liquid inertia is also retarding the the time to 
reach the-critical volume, and thus, acts in the same direction as 
surface. tension. 
A new critical volume criterion may be defi~ed in order to account 
-45-
•, 
for this added component. Thus, for the cylindrical bubble, at the 
critical volume, t = tcv, and x = X , such that: 
Solving for X yields: 
. w DH cr + 6Pcl~ AH 
X ~ AH (PL - Py) g/gc 
(56) 
(57) 
This equation is the counterpart of equation (43) in the original 
model. The steps used to arrive at the revised model's expression 
for the 1 i quid inertia contribution to ch.amber pressure are i dent i cal 
to those used for the original model, equations (43) to (55). 
The final expression for the liquid inertia contribution is shown 
in equation (58), below. 
. c 6 · c CV w DH a + APcLl AH 
~
(dH/dt) R T 1516 [ ~ g t 3 ~l/2]1/ 3 [ ] 1/3 
t.PcLI • Ve f.f;j g AH (PL·Pyl 24 (0.5 PL+Pvrf . 
(58) 
Once again equatlon·(32) is used to substitute for the critical volume 
time, tcv, and the result is an implicit equation for 6Pcll which 
may be solved by trial and error. 
The results of the revised model are reported in Table 3. The new 
predicted chamber pressure increase caused by liquid inertia is 
shown to be much 1 arger in magnitude than the previous mode 1. The 
sum of .1Pcll and the surface tension contribution are plotted against 
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the observed chamber pressure increase, DPCHL, in Figur~ 35. As 
shown, the model gives good agreement with the data. And as shown in 
Figure 36, the predicted growth times are also in good agreement. 
Also, the trends predicted by this revised liquid inertia model, 
i.e. the chamber pressure response to Fs and MW, and the observed 
trends are shown in Figures 37 and 38. These trends are shown-to 
be in agreement in both magnitude and di·rection. ·Thus, it is 
concluded that this criterion for departure which includes the 
liquid inertia contribution and the cylindrical bubble model used 
to describe this liquid inertia contribut"ion are reasonable in 
describing the reported bubble dynamics data. 
One shortcoming of this analysis is the failure to recogniz-e any 
effects caused by increase·s in the average 1 i quid 1 eve 1. lt has 
already been shown (Figure 15) that increases in the liquid level 
cause slight increases in the observed chamber pressure increase, 
DPCHL. It-is possible that the. effects of of the previous bubble 
cycle, especially the weeping period, may caus·e liquid velocity 
gradients on the tray, which, in turn, may increase the liquid 
inertia forces and contribute slightly to the chamber pressure 
increase. 
However, the model is highly successful in that ft accurately 
predicts the observed trends and magnitudes using a very simple 
analysis which describes,. in terms of system parameters, the 
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contribution of liquid inertfa to the bubble growth pr-ocess. 
Finally, the assumption of negligible pressure effect caused by dr-ag 
as the bubble grows needs to be verified. The liquid inertia model 
allows calculation of the critical volume of the cylindrical bubble. 
This vo 1 ume may be used to calculate the _height above the orifice of 
a spherical bubbl·e according to equation {~1). This bubble height at 
critical volume and the observed growth time may be used to define the 
representative velocity of the bubble surface during the growth 
period as shown by equa_t ion { 59). 
The contribution of dtag to the chamber pressure can then be 
approximated by:· 
. Cd d 2 
l1PCdr. ag = -2 PL (2.) 9c dt 
(59) 
(60) 
Cd is approximately 0.44 for spheres moving at velocity dx/dt through 
a fluid of density P1 . The· expected contributions of drag to the 
chamber pressure are plotted against the observed chamber pre~sure in 
Figure 39. As shown, t~is additional contribution is less than 5% 
of the observed chamber pressure rise above the average liquid level. 
r-~ \ 
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Ejection Mechanism 
Once the ·bubble has reached its departure size, the bubble ri'ses 
from the hol.e allowing the accumulated gas in the chamber to eject 
into·the bubble, causing the bubble to.expand and eventually detach 
from the hole. 
The ·standard orifice equation may govern the fl ow of gas through the 
hole, as shown by equation (61). 
In this equation, 6PE is the driving force causing a vapor 
flow of velocity VH through the hole. In t~is case, 
the pressure driving force is the difference between the chamber 
pressure and the pressure inside the bubble, which are both time 
dependent .. 
The chamber pressure decreases _because gas is ejecting into the 
bubble at a higher rate than that of the incoming gat. A mass 
balance may be written for the syste.m as: 
(61) 
(62) 
The mass rate entering the chamber, (dM/dt)in· is assumed to be 
constant. The mass rate through the hole, (dM/dt)0ut, may be 
expressed in terms of the instantaneous hole velocity as shown below. 
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{dM) - V P A dt o·ut - H V H 
(63) 
The t~rm dMch/dt in equation (62) signi.fies the change in chamber 
mass as a function of time. This chamber mass may also be expressed 
in terms of t~e chamber pressure using the ideal gas law, i.e., 
Pc Ve M\f 
Mch = . R Tc 
(64) 
Taking the derivative of ~quation (64) with respec~ to time yields: 
dMch _ Ve MW dPc 
<if"' - R Tc dt 
Thus, the mass balance of equation (62) may be written as: 
This equation can describe the chamber pressure profile if the 
(65) 
(66) 
i nst~ntaneous ho 1 e ve 1 oci ty is eva·1 uated using the orifice equation, 
as shown below: 
Pc(t) - [t(t) hl PL g/gc + ~ f Pa] (67) 
In equation (67), Pc(t) is the time varying chamber pressure, and 
VH(t) is the corresponding hole velocity. The factor Ht) is 
intrriduced to account for the reduction in li~uid h~ad whtch results 
from bubble expansion, as proposed earlier. 
-so-
Equation (67) may be solved for the instantaneous hole velocity and 
substituted into equation (66). The resulting initial value 
differential equation which describes the chall)ber pressure during the 
ejection stage is shown as equation (68). 
This equation may be integrated numerically with the initial 
condition: 
i) at t = 0 , Pc= Pc, peak 
(68) 
providing a time dependent form of the liquid level multiplier is 
supplied. 
Several time dependent forms of this liquid l~vel multiplier wer.e 
attempted without m~ch success. Thus, a constant factor • was 
calculated by trial and error, with the 11 correct11 • being the 
constant which would match th~ calculated ejectio~ ti~e with the 
observed ejection time. The process ends.when there is no longer a 
driving· force to cau_se fl ow through the hole. 
The calculated·values of the constant factor• are reported in 
Figures 40 and 41 a~ functions of Fs ·and HI.A for ~elium and Air. 
The liquid l~vel reduction mechanism ·is not clearly understood and 
needs further research. 
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Weeping Mechanism 
The trends observed in the weep rate data have been discussed, 
howeyer, the mechanism suspected to cause weeping was not addressed; 
As proposed earlier, when the gas ejects through the hole, the 
pressure on the hole caused by the liquid inventory is diminished 
because of aeration. When the gas leaves ihe liquid regioni at the 
end of the ejection stage, the aerated liquid returns to its original 
liquid level. Also at the end of the ejection stage, the chamber 
pressure has fallen to its minimum val1,1e. The chamber pressure may 
be less than the pressure exerted by the liquid 1 eve l, and there may 
be a gradient to induce downwar~ liquid flow. 
However, the difference between the ·average liquid 1 eve 1 and the, 
chamber pressure may not be enoug~ to define the driving force which 
causes weeping. First, the effect of surface tension inay be 
important in retarding the initiation of weeping. The effect of 
surface tension is ~nclear after liqOid downward flow has begun. It 
was observed that a 1/8 inch perforation wo_uld not weep significantly 
even at very low v~por flow rates. Second, the effects of the 
previous hubb le may a 1 so affect weeping, s i nee the 1 i quid ve 1 oci ty 
gradients on the tray may enhance or diminish ihe ability of the hole 
to weep. 
If weeping is approached in a quasi steady state manner, it is 
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reasonable to assume that the liquid flow through the hole may be 
represented by the st.andard orifice equation. 
(69) 
The pressure driving force, tiPw, may be expressed as the difference 
between the av~rage liquid level and the i"nstantaneous chamber 
pressure if the ~ffects o( surface tension and of liquid velocity 
gradients are assumed to be negli~ible. This r~lationship is 
expressed in equation {70), below; 
(70) 
During the weep period, the time varying chamber pressure Pc(tw) may 
be expressed as a funct i o.n of the gas fl ow rate into the chamber by 
applying the idea 1 gas 1 aw, -as shown by equation (71). 
p C ( tw) = p C ( tw= 0 ) + ( d~d t) R/ C tw 
.c 
(71) 
The combination of equations (69), (70), and (71), allows calculation 
of the weep time ·and the average weep rate. Unfortunately, the 
ca.lcul ated values of -rw do not agree with the data, as shown by 
Figure 42. The weep time is defined by conditions giving P equal 
to zero. In addition, with Kw= 1.5 in equation (69), the weep rate 
is not well predictect, as shown in Figure 43. Although it appears 
that it -is not realistic to describe weeping in terms. of a steady 
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stat~ method (the orifice equation), this experimental data does 
support that it is a pressure imbalance which causes a single 
submerged orifi~e to weep. 
In order to show the effect of the pressure imbalance .on weeping, the 
weep rate was plotted against the maximum value of lll\.J for two 
different liquid levels at Fs=0.5 in Figure 44; The observed trend 
indicates that the tr·ansient pre.ssure imbalance contributes to 
weeping. This figure a·lso supports that weeping is relatively small 
or negligible when the maximum value of llPW issmali. Based on this 
study, where surface tension forces are relatively small, a 
reasonable criterion to prevent weeping is that the maximum value of 
llP\J be zero or negative. If surface tension forces are significant, 
it is reasonable, but not verified in this study, that D.Pu could be 
somewhat greater than zero, and still not result in significant 
weeping. 
Also, it may be observed i_n equation .(71), that higher roolar flow rates 
of gas, (dM/dt)/MW, would decrease the time available· for weeping (by 
increasing the chamber pressure faster) and therefore reduce the weep 
rate. This trend is shown in Figure 45, in which the weep rata is 
plotted against the gas molar flow rate,'whith is directly related to-
the volumetric flow rate. Unfortunately, volumetric _flow rate does 
not totally explain the weeping phenomenon. The difference between 
. ' 
Helium data and other gas data, is that the Helium data have 
significantly larger maximum ~alues of llPw for equal volumetric flow 
rates. 
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Conclusions 
The majority of investigations conce~ning the physics of bubble 
formation ·has focused on the air/water system with ~rifice sizes of 
1/8 inch or less. Under·these conditions, the effects of surface 
tension art! very significant. In addition, gas hole velocities 
generally have been Jmaller than those consistent with industrial 
practice. Also, few re~earchers have considered bubble formation in 
the weeping regime. 
This investigati-0n provides data obtained with a single hole ~~bbler 
for the Helium/Water, Air/Water, and Argon/Water systems using a 1/4 
inch orifice, and at gas rates representative of industrial practice, 
espe_ci ally during tur~down, when the trays can weep significantly. 
The chamber pressure during a bubble cycle was analyzed, and three 
stages of bubble formation were proposed to explain the observed 
chamber pressure profiles. These are: the growth stage, the gas 
ejection stage, and the weeping stage. 
A quasi steady state model, in which the chamber pressure·was assumed 
to be affected only by surface tension and dry hole pressure losses, 
proved to be inadequate in describing the bubble growth stage. 
The transient nature of the process suggested that lJ.quid inertia 
forces may be important. A model was developed to estimate the . . 
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inertial forces in terms of system parameters such as gas rate, gas 
and liquid density, and chamber vol1,Jme. The model predicts the 
effect of liquid inertia forces on the chamber pressure, and the 
delay in bubble departure caused by the added resistance to buoyancy 
forces ..... 
The mechanisms expected to gov.ern the ejection of gas once the b_ubb le 
departs from the hole, al)d the weeping of liquid which occurs after 
this gas ejection, also are discussed. The weep rate data supports a 
mechanism for weeping in which 1 i quid down fl ow is caused by an 
instantaneous imbalance b~tween the chamber pressure and the pressure 
caused by the liquid inventory. 
A qu~si steady state approach to describe both the weep period and 
weep rate was unsuccessful. However, .this is not surprising because 
the time span characteristic of the weepin~ stage is of the same 
magnitude as that of the growth stage, and transient effects were 
shown to be important in the bubble growth stage. Despite the lack 
of a complete mechanistic model to describe the weep period and weep 
rate, a criterion was established which indicates that weeping may 
occur if the maximum value of 6Pu exceeds zero. 
Data which would be useful in developing an improved understanding of 
single hole weeping should include weep rate data obtained at 
constant values of gas volumetric flow rate for different den~ity 
gases. Also, mult1ple hol~ experiments (3 or 5 holes) are needed to 
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evaluate the application of single hole bubbling and pressure profile 
analysis toward sieve tray distillation. In addition, a 
transient analysis which would consider the tine needed to accelerate 
the. liquid towar~ the weeping hole may·be more succesful in 
describing single hole weeping. 
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Nomenclature - Literature Reviews 
a 
Aa 
Dry-tray pressure drop coefficient, Liebson 
Tray active area (ft.2) 
: Tray hole area (ft.2) 
Dry-hole pressure drop coefficient, Liebson 
Hole diameter (ft.) 
DBdep Bubble diameter at departure (ft • .) 
F F-factor (lbm/ft.)112/~ec.) 
Fr Froude number of liquid in crossf.low over tray 
G Vapor mass velocity (lbm/ft.2-sec.) 
gravitational constant (ft./sec.2) 
Dry-tray pressure drop (inches H·20) 
Average iiquid head (inches) 
hLO Unaerated· liquid level on the tray (inches) 
hl* Reduction in liquid head caused by expanding bubble (lbf/ft. 2) 
h O\J : Liquid crest over the weir (inches) 
h T Total tray pres sure drop (inches H20) 
hw Weir height (inches) 
h
0 
Surface tension contribution to tray pressure drop (inches H20) 
K Orifice constant, Kupferberg 
Q L Liquid volumetric fl ow rate per unit length of weir ( GPM/i nch-) 
Bubble departure radi~s (ft.) 
Tray thickness (ft.) 
: Superficial liquid velocity on tray (ft./sec.) 
VH : Vapor hole velocity (ft./sec.) 
PL Liquid density (lbm/ft. 3} 
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Pv Gas density (lbm/ft. 3) 
a Liquid· surface tension 1lbf/ft.) 
aw Surface tension of water (lbf/ft.) 
Nomenclature - Data Analysis, Models Development I . 
AH Orifice crciss sectional area 
Cd Drag ·coefficient 
Cl Integration constant in :equation (38) 
C2 Integration constant in equation (39) 
dM/dt : Mass flow rate of gas into chamber below orifice (lbmfsec.) 
dx/dt Velocity of bubble surface in Liquid Inertia (LI) Model ("ft./sec.) 
Accel~ration of bubble surface in LI Model {fti/sec.2) 
Hole diameter 
DPCHL Data - rise in chamber pressure above liquid level ~inches H20) 
DPCLI Liquid Inertia contribution to chamber pressure as 
calculated by Liquid Inertia Model (inches H20) 
DPCT Data - total chamber pressure oscillation (inches H20) 
hB Height of bubble surface above the orifice (ft.) 
hBcv ~eight of bubb 1 e surface at cri ti cal vo lune (ft.) 
Dry hole pressure drop across orifice (inches H20) 
Average clear liquid head (inthes) 
Surface tension contribution to chamber pressure (inches H20) 
HLA Average l°i quid 1 eve 1 on tray (inches l 
F8 Bubbling frequency (sec.-1) 
Fs Den$ity corrected hole velocity (ft./sec.) 
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l 
g Gravitational constant (ft./sec.2) 
gc Convers.ion factor (ft. -1 bm/ lbf·Sec. 2) 
K Orifice constant used in standard orifice equation 
KE Orifice constant used for ejection stage, KE =l. 5 
K~, Orifice constantused for weep stage, ~ =l. 5 
Ms : Bubble ma$S, used in Qu~si Steady State (QSS) Model (lbm) 
MBold : Converged bubble mass used in QSS Model {lbm) 
Mc · Time averaged characteristic appare.nt mass used in 
Mch 
Pa 
PB 
Pc 
U Model, defined by equation (50) (lbm) 
Mass o·f gas in chambe·r be 1 ow the orifice, QSS Mode 1 ( 1 bm) 
Mass of gas ejected in a single bubble cycle (lbm) 
Gas molecular weight (lbmflbJOOle) 
: Ambient pressure (lbf/ft.2) 
Bubble pressure, used in QSS Model (lbt/ft.2) 
Instantaneous chamber pressure, QSS and LI Model (lbt/ft.2) 
Pcavg Average pressure in chamber below a sieve tray (lbf/ft. 2) 
Pcold Converged chamber pressure, used in QSS Model (lbf/ft. 2) 
R 
Rs 
RV 
t 
Universal gas constant (ft.-lbf/lbJ001e-0 R) 
Bubble radius at any time in the growth stage, QSS Model (ft .. ) 
Gas density reported in database (lbmfft.3) 
· Time (sec.) 
Time elapsed from beginning of growth stage until bubble 
has· enough buoyancy to rise from orifice, LI Model (sec.) 
Time at start o·f growth stage (sec.) 
tw Time at any point in weep stage (~ec.) 
Tc Chamber temperature (0R) 
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TE 
TG 
TW 
VB 
Ve 
VH 
\ 
WEEP 
B 
6M13 
6Mch 
M~in 
6t 
6PE 
6PCG 
6Pcr 
aP\Jmax 
. 
• 
. 
. 
Data - time elapsed during ejection stage (sec.) 
Data - ti.me elapsed during growth stage (sec.) 
Data - time elapsed during weeping stage. (sec.) 
Bubble volume at any time in growth stage, QSS Model (ft. 3) 
Volume of chamber below the orifice (ft.3) 
Gas ho 1 e velocity ( ft./ sec.) 
Liquid velocity during weeping stage (ft./sec.) 
Data - average weep rate (cc/min.) 
Constant defined by equation (36) (ft./sec.3) 
Change in bubble mass during 6t , QSS Model 
Change in chamber mass during 6t , QSS Model 
Mass entering chamber during 6t , QSS Model 
Time increment used in QSS Model (sec~) 
( 1 bm) 
( 1 bm) 
( 1 bm) 
: ·Eject~on mechanism driving force (lbf/ft.2) 
: Change i~ chamber pressure during growth stage (lbf/ft. 2) 
:. Total chamber pressure oscillation (lbt/ft. 2) 
Difference between average liquid level and 
c.hamber pressure at beginning of weeping stage (lbf/ft. 2) 
6PcLI Liquid inerti~ contribution to ·the chamber 
e 
pressure as calculated by liquid inertia model .(lbf/ft.2) 
Gas pressure drop across a.n orifice (-1 bf /ft. 2) 
Weep driving force, defined by equation (70) (lbf/ft. 2.) 
Contact angle {degrees) 
: Liquid density (lbmfft.·3) 
Gas density ( 1 bmf tt. 3) 
a Surface tension (lbf/ft.) 
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Total bubble formation cyGle time (sec.) 
Time elapsed during ejecti6n stage (sec.) 
Time elapsed during growth stage (sec.) 
· Time elapsed during weeping stage (sec.) 
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APPENDIX A 
COMPUTER PROGRAM USED IN QUAST STEADY STATE MODEL 
I 
m 
C\ 
I 
1 c ••• 
2 c ••• 3 C ••• SVSTEM PARA"ETERS 
4 C ••• 5 RU•5.9606D-06 
6 RL•0.03605 
7 ST•4.108D-04 
8 HLA•3.0D0 
9 D"DT•S.18D-05 
10 PATM•14.696 
11 c .•• 12 C ••• GAS LAY PARAMETERS 
13 c ..• 14 R•18543.168 
15 T•530. 
16 UC•594. 
17 1.1•4.001 
18 GC•32.174 
19 G•32.174 
20 PI•J.141592654 
21 c ••. 
22 C ••• OTHER CONSTANTS 
23 c ••. 
24 RH•0.125 
25 RK•l.5 
26 HBCRIT•RH 
27 HBDEP•0.19 
GAS DENSITV LBM/INll3 
LIQUID DENSITV • 
LIQUID SURFACE TENSION LBF/IN 
AVERAGE LIQUID HEIGHT INCHES 
GAS MASS FLOU RATE LBM/SEC 
ATMOSPHERIC PRESSURE PSIA 
GAS CONSTANT <LBF IN*l3)/LBMOL R 
TEMPERATURE DEGREES R 
CHAMBER VOLUME IN**3 GAS MOLECULAR UEIGHT LBM/LBMOL 
CONVERSION <FT LBM)/(LBF SECll2) 
GRAV ACCELERATION FT/SEC**2 
THE VALUE Pl 
HOLE RADIUS INCHES 
ORIFICE CONSTANT INTERNAL CONSTANT TO TEST CONVERGENCE 
CALC BUBBLE DEPARTURE HEIGHT INCHES 
28 C ••• 29 c ... CALCULATE INITIAL CHAMBER MASS. RMC0. BV IDEAL GAS LAY 
30 C ••• INITIALLV. CHAMBER PRESSURE. PC0 • HLA + PATM 
31 c ... 
32 RMC0•<<HLAlG/GC*RL+PATM>lVC*U)/(RlT) 
/ 
I 
Ol 
-.. 
I 
DT•1.0D-05 
TOL•l.D-10 
Rr1BOLD•0. 
RrlCOLD•RrlC0 
PBP•HLA*0.03605+PATM 
TIME•0. 
PCP•PBP 
HB•0. 
.· . ' -~":•· -·· ~ . -~ . ' . 
TIME STEP USED IN MODEL 
A CONUERGENCE CONSTANT 
INITIAL BUBBLE MASS LBM 
INITIAL CHAMBER MASS LBM 
INITIAL BUBBLE PRESSURE 
INITIALIZE TIME SEC 
PSI 
INITIAL CHAMBER PRESSURE• PBP 
BBL HEIGHT AT TIME•O INCHES 
INITIAL BUBBLE RADIUS INCHES 
33 
34 
35 
36 
37 
38 
39 
48 
41 
42 
43 
44 
45 
RB•10000. 
IJRITEC6,249> 
DPCP•CPCP-PATM)/RL- HLA CHAMBR PRESS INCREASE IN. H20 
IJRITEC6.250)TIME,HB.RB.DPCP 
HBOLD•1.0D-15 INITIAL GUESS FOR BBL HEIGHT INCHES 
~6 c ... 
47 C ••• INITIALIZE THE BUBBLE GROUTH 
48 c ••. 
49 1 TIME•TIME+DT 
58 GO TO 20 
51 52 C ••• CONUERGED ON HB. PRINT SOLUTION. CALCULATE NEXT HEIGHT UITH FB 
53 
54 10 RrlBOLD•RMBOLD+DMB CONURGD INCR IN BBL MASS 
55 RrlCOLD•RMCOLD+DMC CONURGD INCR IN CHMBR MASS 
56 IF<IPRINT.EQ.100)GO TO 11 PRINT EUERV 100 INTERVALS 
57 IPRINT•IPRINT+1 
58 GO TO 12 
S9 11 DPCP•<PCP-PATM)/RL- HLA INCR IN CHMBR PRESSURE IN. H20 
60 URITEC6,250)TIME,HB,RB.DPCP 
61 IPRINT•1 
62 12 CONTINUE 
63 IF<HB.GE.HBDEP>GO TO 500 TEST FOR END OF PROBLEM 
64 HBOLD•HB 
I 
°' CX> I 
___ ___
_, __ 
. ..,..._. · .. -;.-· 
65 GO TO 1 
66 c ••. 
67 C ••• BISECTION "ETHOD 68 C ••• TRICKS UERE USED TO FORCE THE SOLUTION TO STEP 
69 C ••• IN Tl"E AND BUBBLE HEIGHT 
78 c •.. 
71 28 HBl•HBOLD 
72 HB2•HBCRIT 
73 IF<J.EQ.2>HB2•0.001 
74 IF<HB.GE.(0.SlHBCRIT>)GO TO ~5 
75 c ••• 76 C ••• USING THE TUO VALUES OF GUESSED BUBBLE HEIGHT 
77 c ••• CALCULATE BUBBLE RADIUS AND VOLUME FOR USE IN 
78 C ••• CALCULATION OF BUBBLE AND CHAMBER PRESSURES 
79 c .•• 
80 25 HBB•<HB1+HB2)/2. 
81 RB1•<HB1lHB1+RHlRH)/(2.lHB1> 
82 VB1•<PI/3.)lHB1lHB1lC3.lRB1-HB1) 
83 RB2•<HB2lHB2+RHlRH)/(2.*HB2> 
84 VB2•<PI/3.)lHB2lHB2l(3.lRB2-HB2> 
85 RBB•<HBBlHBB+RHlRH)/(2.*HBB> 
86 VBB•<PI/3.)lHBBlHBBl<3.lRBB-HBB> 
87 c ••. 
88 C ••• SUBROUTINE SFRB CALCULATES THE CHAMBER PRESSURE BV 
89 C ••• PHVSICS AND BV IDEAL GAS LAU AND RETURNS THE DIFFERENCE FRB 
90 c ... 
91 CALL SFRBCRB1,HB1,UB1,FRB1,) 
92 CALL 5FRBCRB2,HB2,UB2,FRB2,) 
93 CALL SFRB<RBB,HBB,VBB,FRBB,> 
941 c ••• 95 C ••• TEST FOR THE SIGN OF FRB TO DETERMINE 
96 C ••• UHERE THE SOLUTION IS LOCATED 
I 
°' \0 I 
97 c ••. 
98 
99 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
118 38 
111 
112 
113 48 
114 
115 
IF<FRBl.GT.0.)11•1 
IF<FRBl.LT.0.)11•2 
IF<FRBB.GT.0.>IB•1 
IF<FRBB.LT.0.)18•2 
IF<FRB2.GT.0.)12•1 
IFCFRB2.LT.0.)12•2 IFCI1.EQ.IB.AND.IB.EQ.I2>WRITE<6,99) 
IFCI1.EQ.IB.AND.1B.EQ.I2)G0 TO 500 
IFCl1.EQ.1B>GO TO 30 
HB2•HBB IF<DABS<HB1-HB2>.LE.TOL>GO TO 40 
GO TO 25 
HB1•HBB IF<DABSCHB1-HB2>.LE.TOL>GO TO 40 
GO TO 25 
RB•RBB 
HB•HBB 
GO TO 10 
116 c .•• 117 C ••• THIS BLOCK SEARCHES FOR THE INTERVAL UHERE THE 
118 C ••• CONVERGED HB LIES 
119 c ..• 
120 45 
121 
122 
123 
124 
125 
12s s0 
127 
128 
RB1•<HB1*HB1+RHlRH)/(2.lH81) 
VB1•<PI/3. )lHB1*HB1*<3.l.RB1-HB1> 
CALL SFRBCRB1.HB1.VB1.FRB1.> 
IF<FRB1.GT.0.)11•1 
IFCFRB1.LT.0.)11•2 
HB2•HB1 
HB2•HB2+0.1lHB1 
RB2•CH82lHB2+RHtRH)/(2.tHB2) 
UB2•CPl/3.>*HB2tHB2tC3.*RB2-HB2) 
• 
----------------======================-====--' ~---~-~--~--~-~-, -!ffl--!!!ffl!!!l!'!!l!IIIII _______ _ 
I 
-...J 
C> 
I 
129 
130 
131 
132 
133 
CALL SFRB<RB2.HB2#VB2.FRB2.> 
IF<FRB2.GT.0.)12•1 
IFCFRB2.LT.0.)12•2 
IF<l1.EQ.12>GO TO 50 
GO TO 25 
134' c ••• 135 C ••• PRINT THE END OF THE SOLUTION# I.E. HB.GE.HBDEP 
136 c ..• 137 see DPCP•<PCP-PAT")/RL- HLA 
138 YRITE<6,250>TIME,HB,RB,DPCP 
139 99 FOR"AT<'NO SOLUTION POSSIBLE'> 
140 2419 FOR"AT(// 1 SX#'TIME <SEC)',9X,'HB CINCHES)', 141 19X,'RB <INCHES>',SX,'PC <INCHES H20)',//) 
142 250 FORMAT<F15.S,2D20.8,F20.5) 
143 STOP 
144 END 145 SUBROUTINE SFRBCRB.HB#VB.FRB#> 
146 c ••• 147 c ••• THIS SUBROUTINE CALCULATES THE BUBBLE PRESSURE AND CHAMBER 
148 c .•. PRESSURE FOR A GIVEN RB# HB. AND CHAMBER MASS 
149 c ••• 150 C ••• CALCULATE PB CORRESPONDING TO THIS HB# RB 
151 PBP•PATM+HLAIRLlCG/GC) 
152 1 + 2.lST/RB 
153 1 + PUMP 
154 c ••• 155 C ••• CALCULATE BUBBLE MASS# SVSTEM PRESSURES AT THIS PB; VB 
156 c ... 
157 
158 
159 
160 
RMB•CPBP*VBlU)/(R*T> 
DMB•RMB-RMBOLD 
DMC•DMDTlDT-DMB 
RMC•RMCOLD+DMC 
I 
........ 
~ 
I 
160 Rr1C•Rl'1COLD+D1'1C 
161 c ••• 162 C ••• CALCULATE CHAMBER PRESSURE ACCORDING TO IDEAL GAS LAY 
163 c ••• 
164 PCI•<RMClRlT)/(UClY> 
165 c ••• 166 C ••• CALCULATE INSTANTANEOUS HOLE VELOCITY AND THEN CALCULATE 
167 C ••• CHA"BER PRESSURE BV PHYSICS AS THE BUBBLE PRESSURE PLUS 
168 C ••• THE PRESSURE DROP ACROSS THE ORIFICE 
169 c •.. 170 UH•(Dl'1B/DT)/(RVtPilRHlt2> 
171 PCP•PBP+CRKtRVtUHtl2)/(2.tGCt12.> 
172 c ••• 173 c ... FRB IS USED TO TEST CONVERGENCE BETUEEN PHYSICAL AND 
174 C ••• IDEAL GAS CALCULATIONS OF CHAMBER PRESSURES 
175 c ••• 
176 
177 
178 
/ 
I 
FRB•PCP-PCI 
RETURN 
END 
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FIGURE 1: Mayfield Weeping Correlation 
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FIGURE 2: Hughmark & O'Connell Weeping Correlation 
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FIGURE 3: Response of Tray Pressure Drop to Vapor 
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FIGURE 4: Fair Weeping Correlation 
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FIGURE 5: Correspondence Between hL ~nd Weeping 
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FIGURE 6: Zanelli & Oe1Bianco Data on Fair Plot 
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FIGURE 7: Transverse Oscillations Reported by Biddulph 
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FIGURE 8: Parity Plot of Akagi et al Correlation 
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FIGURE 9: EXPERIMENTAL APPARATUS 
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FIGURE 10: TRAY DETAILS 
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FIGURE 11: Typical Recorder Output 
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FIGURE 12: Proposed Bubble Cycle 
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FIGURE 131 CHECK ON EXPERlftENTAL DATA 
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FIGURE 141 DPCHL US. FS AT HL A•3 INCHES 
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FIGURE 151 DPCHL US. HLA AT FS•0.3 
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FIGURE 171 DPCT US. HLA AT FS•0.3 
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FIGURE 191 BUBBLE FREQUENCY US. FS AT HLA•3 IN 
81----.------,---y----:----W---.----..,.-----.-----,-----I 
7 
6 
F 
B 5 
s 
E 3 
C 
2 
1 
8. ..... o-:--"----'-'---o...L.. • -.. ---l---o....L.-a-, -.l...-~1...;.J._2 _ _.1... __ 1_.!,._6_--1. __ a_L. 0.:.....1. 
FS fTl'SEC 
*•HE +•AIR 
FIGURE aoa BUBBLE GROUTH TI"E us. FS 
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FIGURE 211 EJECTION TlltE us. FS 
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FIGURE 221 UEEP TiflE us. FS 
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FIGURE 231 UEEP TI"E US. GAS "U 
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300 
... * 
E250 
E 
p 
200 
R 
A 
T 150 E • 
C 
c 100 
/ 
. ' 
" I so & N 
0 I 
o.o 0.2 0.4 0.6 o.s 1.0 1.2 
FS FT/SEC 
S•HE +•AIR O•ARG 
• .._..__ - , - - '• ~ ( - -•t,-• .. 
FIGURE 271 UEEP RATE US. FS AT HLA•3.0 IN 
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FIGURE 28: Schemati.c Representation of Quasi Steady State t1ode·l 
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FIGURE 29: 
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FIGURE 30: Schematic Representation of Liquid Inertia Model 
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FIGURE 331 ORIGINAL L.I. PIODEL RESPONSE TO FS 
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TABLE 1A - EXPERIMENTAL DATA 
Run Gas Molecular Density Corro Avgo Liq
uid Max. Chamber Growth Stage 
Numbf:r Gas Weight Hole Velocity Level 
Presso Minus HLA Time 
MW, l bm/1 bmo l e Fs, ft./seco HLA, inches DPCHL, inches H20 
TG, seco 
••••••• ••••••• •••••• •••••• • ••••• 
• ••••••• 
. .... , . 
1 1 4 .3 3 
1 .91s 
2 I 4 .5 3 
t.27 .819 
3 1 4 .3 t.5 
.83 .811 
4 1 4 .5 1.5 
1.1s .81? 
s 1 4 .3 3.5 
t .836 .814 
6 1 4 .3 2.s .895 
.819 
? 1 4 1 3 
2.13 .838 
8 1 4 .3 2 
.at .e,a 
9 1 4 .3 4 
t.138 .818 
18 1 4 .44 3 
t.195 .eat 
11 1 4 .26 3 
.834 .812 
12 I 4 .s6 3 
1.ss .. , 
13 1 4 1 t.5 
-22 -22 
14 1 4 .7 3 
t .8 .e,7 
15 1 4 .? t .5 
t.553 .865 
16 1 4 .4 1.s 
t.16 .81 
l? 1 4 .4 3 
t.125 .812 
18 2 28.9 .3 3 
.62 .131 
19 2 28.9 .s 3 
.8 .129 
28 2 28.9 .3 1.s 
.46 .119 
21 2 28.9 .s 1.s 
.?9 .116 
22 2 28.9 .4 1.s 
.74 .118 
23 2 28.9 .4 3 
.8 .1 .. a 
24 2 28.9 .7 1.s -22
 -22 
25 2 28.9 .7 3 -22 
-22 
26 3 48 .3 3 
.6 .145 
27 3 48 .5 3 .7
8 .128 
28 3 48 .3 1.s .
45 .118 
29 3 48 .s 1.s .77
 .115 
39 3 48 .4 1.s .7
9 .118 
31 3 48 .4 3 .?7 
.126 
32 3 48 .32 3 .
?29 .t .. 6 
Run 
Humber 
••••••• l 
2 
3 
4 
s 
6 
7 
8 
9 
18 
11 
12 
13 
14 
15 
16 
17 
18 
19 
28 
21 
22 
23 
24 
25 
26 
27 
28 
29 
38 
31 
32 
Bubbling 
Frequenc.v1 FBs sec. -
•••••• 4.32 
S.7 
4.73 
s.es 
4.15 
4.43 
8 
4.44 
4.88 
S.66 
4.27 
S.87 
-22 
6.36 
7.14 
s.ea 
S.56 
4.48 
4.9 
s.es 
5.35 
5.29 
4.S9 
-22 
-22 
4.47 
s.1 
S.19 
S.45 
S.39 
4.72 
4.51 
Weep 
Rate 
cc/mino 
•••••••• 
-22 
2se 
-22 
278 
-22 
-22 
78 
-22 
-22 
-22 
-22 
-22 
68 
-22 
-22 
-22 
-22 
158 
2S 
148 
48 
85 
ss 
28 
18 
145 
22 
141 
35 
78 
42 
-22 
TABLE 18 - EXPERIMENTAL DATA 
Avg. Total 
Pc Oscillation 
DPCTs inches H20 
•••••••• t.96 
a.as 
1.735 
1.94 
2.243 
t.999 
3.44 
2.83 
2.431 
2.886 
t.81 
2.32 
-22 
2.s1 
2.e8a 
t.89 
t.988 
.79 
.866 
.61 
.79 
.7 
.8es 
-22 
-22 
.78 
.as 
.65 
.11 
.74 
.72 
.984 
HLA Minus 
Min. Chamber Press. 
~Pew, inches H20 
•••••••• 
.96 
.98 
.ses 
.79 
t.287 
t.114 
t.31 
1.22 
t.293 
.811 
.976 
.77 
• 
.71 
.455 
.73 
.863 
.17 
.866 
.ts 
• 
-22 
.ees 
8 
• 
.ta 
.87 
.2 
8 
-22 
-22 
.175 
Ejection 
Time 
TEs seco 
• •••••• 
.-971 
.869 
.e6a 
.867 
.881 
.869 
.864 
.879 
.ea 
.874 
.87 
.878 
-22 
.e? 
.866 
.865 
.868 
.867 
.859 
.esa 
.854 
.e59 
.862 
-22 
-22 
.164 
.esa 
.8sa 
.es? 
.8sa 
.862 
.867 
Weep 
Time 
TWs sec. 
• •••••• 
.ess 
.827 
.862 
.e21 
.866 
.868 
.823 
.868 
.867 
.e22 
.872 
.822 
-22 
.ea 
.889 
.831 
.84 
.eas 
.et& 
.eat 
.e11 
.e22 
.888 
-22 
-22 
.e1s 
.et 
.et? 
.e11 
.ea 
.124 
.eee 
TABLE 2. - RESULTS.OF ORIGINAL LIQUID INERTIA MODEL 
Run Dens 1 ty Corr. Avg. l.:.iquid Calculated Calculated Observed Calculated Observed 
Number Gas Hole VelocitY Level APcLI t.Pcll + 4a/DH Pc,max - HLA Growth Time Growth Time 
fs, ft./sec. HLA, inches inches H20 inches H20 1nches H20 sec. sec • 
••• • •• ••••• •••• ••••••• ••••••• ••••••• • •••••••• • •••••• 1 1 .3 3 .28734 .46834 1 .849731 .89S 
2 l .s 3 .3715 .5525 1.27 .8352 .979 
3 l .3 1.s .28734 .46834 .83 .849731 .881 
.. l .5 1.5 .3715 .5525 1.15 .8352 .877 
5 l .3 3.5 .28734 .46834 1.836 .849731 .894 
6 1 .3 2.s .28734 .46834 .895 .849731 .889 
7 1 1 3 .5311 .7121 2.13 .822684 .838 
8 1 .3 2 .28734 .46834 .81 .849731 .878 
9 l .3 4 .28734 .46834 1.138 .849731 .898 
18 l .44 3 .34762 .52862 1.195 .838i!72 .881 
11 1 .26 3 .26837 .44937 .H34 .assess .892 
12 l .56 3 .39391 .57491 1.ss .832784 .87 
13 l 1 1.s .5311 .7121 -22 .822684 -22 
14 t .7 3 .4483 .6213 1. 8 .828274 .867 
15 l .7 1.s .4483 .6213 1.553 .828274 .865 
16 l .4 1.s • 33115 .51215 1.16 .848787 .87 
17 l • 4 3 .33115 .51215 1.125 .818787 .872 
18 2 .3 3 .183 .364 .62 .18367 .131 
19 2 .s 3 .23844 .41144 .a .878311 .129 
28 2 .3 1.s .183 .364 .46 .18367 .119 
21 2 .s 1.s .23844 .41144 .79 .878311 .116 
22 2 • 4 1.s .28856 .38956 .74 .883216 .188 
23 2 .4 3 .28856 .38956 .8 .883216 .148 
24 2 .1 1.s .26924 .-t5824 -i?2 .854959 -22 
25 2 .7 3 .26924 .45824 -22 .954959 -22 
26 3 .3 3 .16954 .35854 .6 .11779 .145 
·27 3 .5 3 .2141 .3951 .78 .879661 .128 
28 3 .3 1.s .16954 .35854 .45 .11779 • ue 
29 3 .:s 1.5 .2141 .3951 .77 .879661 . us 
38 3 .4 i.s .19487 .37587 .79 .894529 .U>D 
31 3 .4 3 .19487 .37507 .77 .994529 .126 
32 3 .3a ~ .174&8 .35568 .• 729 .11215 .146 
Run 
Nunoer 
••• l 
2 
'.3 
4 
5 
6 
7 
·8 
9 
18 
11 
12 
13 
14 
15 
16 
17 
18 
19 
28 
21 
22 
23 
24 
25 
26 
·21 
28 
29 
38 
31 
32 
Gas 
• •• l 
1 
1 
l 
1 
1 
l 
1 
1 
1 
1 
l 
1 
1 
l 
l 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
.3 
3 
3 
3 
3 
Density Corr. 
Hole Velod ty 
Fs. ft./sec. 
••••• 
.3 
.s 
.3 
.s 
.3 
.3 
1 
.3 
.3 
.44 
.26 
.56 
1 
.7 
.7 
.4 
.4 
.3 
.5 
.3 
.5 
.4 
.4 
.7 
.7 
.3 
.5 
.3 
.5 
.... 
... 
.32 
r. 
--------· ~v:=...._ _____________ .... _..._ __________ _ 
TAOLE 3 - RESULTS OF R_EVISED Ll(}UID INERTIA MODEL 
Avg. Liquid 
Level 
HLA. inches 
**** 3 
3 
1.s 
t.5 
3.5 
2.s 
3 
2 
4 
3 
3 
3 
1.s 
3 
1.5 
1.s 
3 
3 
3 
1.s 
1.5 
1.s 
3 
1.5 
3 
3 
3 
1.s 
1.s 
1.s 
3 
3 
Calculated 
APcll 
inches H20 
•••••••• 
.61918 
t.0546 
.619U 
1.8546 
.61918 
.61918 
2.6684 
.61918 
.6UH8 
.91335 
.54385 
l.2865 
2.6684 
1.6814 
1.6814 
.82~41 
.82441 
.i?8226 
.412 
.28226 
.412 
.34673 
.34673 
.54647 
.54647 
.25331 
.36201 
.25331 
.36281 
.38751 
.38751 
.26H4 
Calculated 
APcll + 4a/ DH 
inches H20 
• ••••••• 
.eee18 
t.2356 
.88018 
1.2356 
.88818 
.88818 
2.8414 
.80018 
.88818 
1.8944 
.72485 
1.3875 
2.8114 
t.7824 
l.7824 
1.e854 
1.e054 
.46326 
.593 
.46326 
.593 
.5i?773 
.52773 
.72747 
.72747 
• 43431 
.54381 
.-43431 
.54381 
.48851 
.49851 
.44514 
Observed 
Pc.max - HLA 
inches H20 
1•••••• 1 
t.27 
.83 
1.15 
t.636 
.895 
2.13 
.81 
1.138 
t.195 
.834 
1.55 
-22 
1.a 
l.S53 
1.16 
1.12s 
.62 
.e 
.46 
.79 
.74 
.3 
-22 
-22 
.6 
.78 
.45 
.77 
.79 
.n 
.729 
Calculated 
Growth Time 
sec. 
·····~·· 
.884968 
.878719 
.884968 
.e787t9 
.884968 
.~84968 
.898516 
.884968 
.884968 
.87923 
.888712 
.878925 
.898516 
.881112 
.881112 
.eoae1 
.88887 
.13194 
.18134 
.13194 
.18134 
.11273 
.11273 
.888798 
.888798 
.14594 
.U964 
.14594 
.18964 
.12312 
.12312 
.14824 
Observed 
Growth Tin-e 
sec. 
• •••••• 
.895 
.879 
.est 
.877 
.894 
.889 
.838 
.878 
.898 
.est 
.892 
.87 
-22 
.067 
.865 
.87 
.872 
.131 
.129 
.119 
.116 
.18& 
.148 
-22 
-22 
.145 
.128 
.110 
.115 
.tea 
.126 
.146 
